Antiangiogenic therapy is becoming a promising option for cancer treatment. However, many investigations have recently indicated that these therapies may have limited efficacy, and the cancers in most patients eventually develop resistance to these therapies. There is considerable recently acquired evidence for an association of such resistance with cancer stem-like cells (CSLCs). Here, we used xenograft tumor murine models to further suggest that antiangiogenic agents actually increase the invasive and metastatic properties of lung cancer cells. In our experiments with murine lung cancer xenografts, we found that the antiangiogenic agent endostatin increased the population of ALDH+ cells, and did so by generating intratumoral hypoxia in the xenografts. We further showed endostatin to cause an increase in the CSLC population by accelerating the generation of tumor hypoxia and by recruiting TAMs, MDSCs and Treg cells, which are inflammatory and immunosuppressive cells and which can secrete cytokines and growth factors such as IL-6, EGF, and TGF-β into the tumor microenvironment. All these factors are related with increased CSLC population in tumors. These results imply that improving the clinical efficacy of antiangiogenic treatments will require the concurrent use of CSLC-targeting agents.
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A large number of studies have shown that many tumors are maintained by a subpopulation of cells, in particular CSLCs or CSCs, which play a pivotal role in tumor initiation, recurrence and metastasis, and hence constitute one of the primary causes for resistance to antiangiogenic agents 19 . Although certain tumor cells escape from the hostile hypoxic environment, others become more hypoxia tolerant [20] [21] [22] [23] . Notably, CSLCs home in on hypoxic regions of tumors, where they can sustain self-renewal potential 24 . However, other studies have documented that CSLCs are also present in perivascular niches, release angiogenic factors in hypoxic conditions, and establish a permissive vascular niche 20, 25 . Lung cancer cells expressing various molecules such as CD133, CD166, aldehyde dehydrogenase (ALDH), CXCR4, and GLDC have been shown to demonstrate phenotypic characteristics of CSLCs [26] [27] [28] [29] . However, identification of human lung CSLCs has been hampered by the lack of reliable normal lung epithelial stem cell markers 30 . ALDH enzymes constitute a family of intracellular enzymes that participate in cellular detoxification, differentiation, and drug resistance through the oxidation of cellular aldehydes 31 , and research has shown that CSLCs is enriched in ALDH+ cells 32 . Furthermore, expression and activity of ALDH has been found in stem cells of many tumor types such as colon cancer, renal cancer, malignant melanoma, and breast cancer [33] [34] [35] [36] . ALDH has recently been expressed in murine embryonic lungs and has been reported to select for human lung CSLCs 29, [37] [38] [39] . Moreover, being ALDH+ has been shown to contribute to the invasion, migration, tumorigenicity and drug-resistance capacities of two human Non Small Cell Lung Cancer(NSCLC) cell lines 39 . Together, these findings suggest that ALDH proteins levels or enzymatic activity may serve as candidate markers for lung CSLCs.
Endostatin, a broad-spectrum angiogenesis inhibitor, works in various ways including by inhibiting the binding of VEGF to endothelial cells, the migration of endothelial cells, and the Wnt pathway [40] [41] [42] . However, our studies showed that the effects of monotherapy with endostatin on tumor growth were transient and there was no significant benefit for survival of tumor-bearing mice 43, 44 . In our previous study, the administration of endostatin was found to facilitate intratumoral hypoxia, promoting recruitment of TAMs, MDSCs and Treg cells, which can secrete many cytokines 45 . The relationship between the endostatin-induced increase of the number of CSLCs in tumors and antiangiogenic therapy resistance remains to be determined.
In this study, we first established xenograft tumor murine models, and then treated the tumors with endostatin. We demonstrated that endostatin increases the number of CSLCs, which was related with generated intratumoral hypoxia and attracted inflammatory cells and immunosuppressive cells.
Materials and Methods
Cell line and culture conditions. mice Lewis lung carcinoma (LLC) cells were obtained from Sichuan University (Chengdu, Sichuan, China) and were maintained in RPMI 1640 (Gibco) supplemented with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin (Gibco). The cells were incubated in a humidified incubator supplied with a 5% CO2 atmosphere at 37 °C.
For the hypoxia assay, LLC cells were stimulated with CoCl2 (100 μ M; Sigma) for 24-48 h, and, after each time point, were assayed for ALDH activity by using the ALDEFLUOR assay.
Tumor models and treatment protocol. All mice experiments were conducted in accordance with standard operating procedures approved by the Animal Ethics Committee of Sichuan University. Wild-type C57BL/6 mice at 5-7 weeks of age were purchased from Huafukang Bio-Technology (Beijing, China). The mice were subcutaneously injected with 3 × 10 5 LLC cells in the right hind flank 46 . When tumors reached an average volume > 5 mm 3 , the mice were randomly distributed into two groups (n = 15/ group): the control group received normal saline (NS), and the endostatin group received 20 mg/kg endostatin 47 (recombinant human endostatin, Simcere Medgenn Bio-Pharmaceutical Company, Yantai, Shan-dong Province, China). Normal saline or endostatin was administered daily by intraperitoneal (i.p.) injection, and the mice were monitored every 3 days for tumor development. The volume was calculated using the formula V = a × b2/247, where a and b are the long and the short tumor diameters, respectively 1 . Three mice from each group were sacrificed on day 8 after treatment, as well as on day 16 and on day 24 after treatment, to harvest tumor tissues for further study.
Cell viability assay. Cell viability was assessed using an MTT assay. The cells (7 × 10 3 LLC cells) were seeded in 96-well flat-bottomed microtiter plates in six cultures. After an overnight incubation, the cells were treated with endostatin for 48 hours at 37 °C. MTT (Sigma) was prepared at 5 g/mL in phosphate-buffered saline (PBS) and added to each well, and the cells were then cultured for another 4 h at 37 °C. After removing supernatant, DMSO (Sigma) was added to each well, and the OD was measured at a wavelength of 570 nm using a Benchmark microplate reader (Benchmark Electronics, Angleton, TX, USA). The viabilities of the cells given the indicated treatments were compared to that of cells treated with the control.
Immunohistochemistry. Formalin-fixed, paraffin-embedded tumor tissues were sectioned into adjacent 3 um layers, deparaffinized, rehydrated, incubated in 3% H2O2, and blocked with 5% bovine serum albumin. The sections were then incubated with a hypoxia-inducible factor 1-α (HIF-1α ) antibody (diluted 1:100, mice monoclonal; CST, USA) and CD31 (diluted 1:100, mice monoclonal; CST, USA) overnight at 4 °C. After washing in phosphate buffered saline, the secondary antibody, biotinylated polyclonal rabbit anti-mice antibody (diluted 1:200; Dako, China), was applied. The DAB substrate kit (Dako, China) was used for the subsequent steps. Photographs were acquired by using a microscope (Leica, Wetzlar, Hessen, Germany) at × 200 magnification.For HIF-1α and CD31counting, at least five randomly selected regions for slides were analyzed 39 .
ELISA. Tumor samples were collected for the assays from all mice on days 8, 16 and 24 after treatment.
Total protein levels were quantified by a BCA assay (Thermo Scientific, Rockford, IL). Levels of VEGF (eBioscience, USA), EGF (R&D, USA), IL-6 (eBioscience, USA) and TGF-β (eBioscience, USA) were assessed by using Propidium iodide assay. Cell viability was evaluated using propidium iodide (PI) staining followed by flow cytometry. Single-cell suspensions were obtained by carrying out collagenase I (Sigma) dissociation of tumor tissues, via incubation with 1 mg/ml for 1 hour at 37 °C. Cells were washed twice with cold PBS and centrifuged at 300 × g for five minutes. The cells were then resuspended in binding buffer and incubated with 2 ug/ml PI (Sigma) for five minutes at room temperature. A total of at least 1 × 106 events were collected and analyzed by flow cytometry (BD).
Sphere formation assay. For sphere formation, cells were grown in serum-free DMEM/F12 (1:1) (Invitrogen), supplemented with 1X-N2 supplement (Invitrogen), 10 ng/ml EGF (Peprotech) and 10 ng/ml bFGF (Peprotech); the cells were allowed to grow for fourteen days 48 . Cells were plated in ultra-low attachment 6-well plates (Corning, Lowell, MA, USA) at a density of 4000 cells per well. Images of the spheres were taken using a phase contrast microscope (Nikon) and the number of spheres > 50 mm in diameter were counted.
In vivo tumor formation assay. Six-week-old wild-type C57BL/6 mice were used for the in vivo tumor formation assays. Indicated numbers of sorted ALDH+ or ALDH− cells from tumors were washed with serum-free DMEM-F12 and implanted subcutaneously in the right hind flank 49 .
Reverse transcription PCR and quantitative real-time PCR. Expression of mRNA was analyzed by
applying the quantitative RT-PCR (QPCR) (Takara) and SYBR green detection (Takara). Expression of GAPDH was used as the control. The primers used for the RT-PCR analysis are listed in Table 1 .
Flow cytometry analysis. Single-cell suspensions which were obtained from tumor tissues, were stained for surface markers using anti-mice CD11b-FITC (BD Biosciences, USA), Gr1-PE (BD Biosciences, USA), and F4/80-PE (MACS, Germany). The Treg cell assay was carried out according to the instructions of eBioscience, CA. The cells were first stained for surface markers using rat anti-mice CD4-FITC and CD25-APC. Next, intracellular staining was performed using rat anti-mice Foxp3-PE (eBioscience, CA). For intracellular cytokine staining, the cells were fixed and permeabilized with Cytofix/Cytoperm buffers (eBioscience, CA) for 60 min at 4 °C and then washed with permeabilization wash buffer (eBioscience, CA). Next, the cells were stained with rat anti-mice Foxp3-PE (eBioscience, CA). Finally, the cells were analyzed with a Beckman MoFlo XDP cell sorter and Submit software (Beckman Coulter, Fullerton, CA, USA).
Statistical methods.
To assess the statistical significance of differences between measured values, Student's t-tests were performed. Survival curves for mice were calculated using the Kaplan-Meier method, and analysed using the log-rank test. All statistical analyses were performed with GraphPad Prism 5 software (GraphPad), SigmaPlot 12.3 software and SPSS19.0 statistical software. Data were presented as the mean ± standard deviation (SD). The data were considered statistically significant when the p value was less than 0.05.
Results
Anti-tumor efficacy of endostatin in vivo. To determine whether antiangiogenic therapy with endostatin could inhibit tumor growth, we monitored the change of tumor volume. The treatment regimens were performed as described in Materials and Methods. As expected, a significant inhibition of tumor growth was observed in the endostatin treatment group compared with the control group (p < 0.05) (Fig. 1A) . However, endostatin did not have a life-prolonging effect when comparing tumor-bearing mice between treatment and control groups (p > 0.05) (Fig. 1B) . Moreover, all tumor-bearing mice died of tumor burden within 50 days of implantation.
Endostatin treatment increases the population of ALDH+ cells in tumors.
After propidium iodide (PI) staining, cell viability was determined by using flow cytometry. On average, the control group yielded an 83.30 ± 6.37% viability, whereas the treatment group yielded an 85.74 ± 3.04% viability. There was no significant difference between the viability of cells from the control group and that of the treatment group (p > 0.05) (Fig. 1D ). Aldehyde dehydrogenase (ALDH) activity was assessed by using the ALDEFLUOR assay. The control and treatment groups had an average of 11.40 ± 4.81% and 27.80 ± 3.78% ALDH+ cells, respectively, Using DEAB (a specific ALDH inhibitor) provided a negative control (Fig. 1C) . The percentage of ALDH+ cells in mice of the treatment group was significantly greater (p < 0.01) than that of the control group (Fig. 1C) .
ALDH+ cells isolated from tumor tissues exhibit characteristics of stem cells. FACS was used
to separate LLC cells in the tumor tissues into ALDH+ and ALDH− cell populations. To determine the tumorigenic potential of different subpopulations of cells, ALDH+ and ALDH− cells were separately harvested for further study. ALDH+ and ALDH− cells were subjected in vitro to sphere formation assays, and our findings indicated that ALDH+ cells formed spheres (91.67 ± 10.17) efficiently. In contrast, ALDH− cells formed spheres (25.00 ± 4.33) seldomly (p < 0.01) (Fig. 2B ). In addition, the sphere formation assay revealed that ALDH+ cells were able to induce larger and more spheres ( Fig. 2A,B) . This result demonstrated that ALDH+ cells have a higher self-renewal capability than do ALDH− cells. ALDH+ and ALDH− cells were subjected in vivo to tumorigenic experiments, and our findings indicated that subcutaneous injection of activated ALDH+ cells resulted in the development of more and larger tumors than did the injection of ALDH− cells (Fig. 2C) . There was one successful tumor formation when 500 ALDH+ cells were injection to six of mice, whereas the same phenomenon could be observed only when a minimum of 5000 ALDH− cells were used in the same condition. In addition, tumors generated from the injection of ALDH− cells developed much more slowly than did those generated from the injection of ALDH+ cells. This result demonstrated that ALDH+ cells are more tumorigenic than are ALDH− cells.
We also compared the expression profiles of pluripotency genes and stem cell-related signaling pathway genes in ALDH+ cells to those in ALDH− cells using q-PCR. Our findings revealed that the ALDH+ population displayed a significantly higher expression of the pluripotency genes, such as Nanog (approximately 5.15-fold), OCT4 (approximately 6.20-fold), SOX2 (approximately 3.29-fold), and the stem cell-related signaling pathway gene sonic Hedgehog (Shh) (approximately 5.45-fold) (Fig. 2D) . Together, these results indicated that the ALDH+ population showed expression profiles characteristic of CSLCs.
Endostatin cannot increase the number of CSLCs in vitro.
To gain insight into the mechanism by which endostatin regulates the number of lung CSLCs, we assessed the relationship between the Lewis lung carcinoma (LLC) cell line and endostatin by using the MTT and ALDEFLUOR assays. In the MTT assay, we found that there was no significant change in the viability of cells of the LLC cell line following treatments with 0.001 to 100 μ g/ml concentrations of endostatin (p > 0.05) (Fig. 3A) . We used the LLC cell line following endostatin,cocultured and then used the ALDEFLUOR assay. On average, 18.72 ± 1.53% of control cells and a statistically similar (p > 0.05) 19.00 ± 0.46% of endostatin-cocultured cells were found to be ALDH+ (Fig. 3B) . This observation suggests that endostatin cannot directly increase the relative number of ALDH+ cells.
Endostatin aggravates hypoxia in tumors.
To further confirm the mechanism by which endostatin regulates the population of lung CSLCs in mice, staining was carried out for the endothelial marker CD31. This staining revealed significantly fewer blood vessels in tumors from treated mice than in tumors from controls (Fig. 4A) . Given the evidence that vascular endothelial growth factor (VEGF) may be involved 50 , we used an ELISA after each time point to analyze variations in the level of the VEGF in the tumor tissue of LLC tumor-bearing mice. We found that VEGF levels in tumor tissue decreased significantly on day 24 (p < 0.05) in the treatment group (45.72 ± 4.79) compared with controls (68.4 ± 2.14) (Fig. 4B) .
To further study the changes in the tumor microenvironment hypoxia induced by antiangiogenic therapy, we examined the expression of HIF-1α in the tumor microenvironment in tumor tissue. On days 8, 16 and 24 after treatment, a higher expression of HIF-1α in the tumor microenvironment was found in the treatment group than in the control group (Fig. 4D) .
We tested the effect of low levels of oxygen on lung ALDH+ cells in vitro. LLC cells were cultured under low oxygen levels and then assayed for ALDH activity by using the ALDEFLUOR assay. The percentage of ALDH+ cells in the tissue under low oxygen levels after 24 h (36.35 ± 3.113%) and 48 h (33.35 ± 2.17%) were significantly greater The percentages of TAM, MDSCs and Treg cells increase in LLC tumor-bearing mice. FACS was used to assess the percentage of tumor-infiltrating tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Treg cells) in tumor tissue. On day 8 of our experiments, there was a significant increase in the relative number of TAMs in the tumors of the group of mice treated with endostatin (3.50 ± 0.13%)compared with those of the control group (2.53 ± 0.29%) (p < 0.05) (Fig. 5A,D) . Also, the percentage of MDSCs was significantly higher in the treated mice than in control mice on days 8 (2.53 ± 0.38 and 1.57 ± 0.16%) and 24 (5.37 ± 1.07 and 2.81 ± 0.51%) (p < 0.01) (Fig. 5B,E) . Moreover, the percentages of tumor-infiltrating CD4 + CD25 + Foxp3 + Treg cells were also higher in the treated group than in the controls (Fig. 5C,F) , with significant increases in the percentages of these Treg cells on days 16 (12.50 ± 1.07 and 8.38 ± 0.17%) and 24 (6.95 ± 1.17 and 2.17 ± 0.74%) (p < 0.01).
Changes of the levels of cytokines related to inflammatory and immunosuppressive cells. Given the evidence that many cytokines, such as EGF, IL-6 and TGF-β , are secreted by the above-mentioned immunosuppressive cells, such cytokines may be implicated in eliciting CSLCs and aggravating immunosuppression and inflammation of the microenvironment. We used ELISA to analyze changes in the levels of these cytokines in the tumor tissue of tumor-bearing treated and control mice. We found that EGF levels increased significantly in the treated group compared to the controls on day 8 (243.91 ± 51.64 and 33.38 ± 7.49), 16 (124.24 ± 34.60 and 41.72 ± 16.20) and 24 (61.39 ± 9.16 and 16.63 ± 6.67) (p < 0.05) (Fig. 6A) . TGF-β levels were significantly different between the control groups and treated groups on day 24 (254.72 ± 14.77 and 182.34 ± 13.79) (Fig. 6B ). IL-6 levels increased significantly in the treated groups compared with the control groups on day8 (20.30 ± 1.40 and 15.88 ± 1.26), 16 (21.87 ± 0.63 and 17.15 ± 0.77) and 24 (17.25 ± 0.77 and 13.12 ± 0.96) (p < 0.05) (Fig. 6C) .
Discussion
Many markers have been used to show that lung cancer cells demonstrate CSLC phenotypic characteristics. However, no single marker has been found to be universally applicable for human lung CSLCs. In this study, we applied a promising stem cell marker, ALDH activity, to identify and enrich for a subpopulation of lung cancer cells with many of the properties ascribed to CSLCs 8 . ALDH+ cells were shown in our study to have a higher self-renewal capability and tumorigenicity than ALDH− cells. Additionally, the ALDH+ population showed significantly higher expression levels of Nanog, OCT4, SOX2 and the sonic Hedgehog (Shh) gene. These results indicated that the expression and activity of aldehyde dehydrogenases (ALDHs) constitute a potential CSLC marker of lung cancer cells, and these results are consistent with the findings of Jing Liu 37 . However, in contrast to the results of Sarah J 20 , the levels of β -catenin and Notch1 showed no significant increase in the ALDH+ population in our study 15 . Studies have shown that endostatin can target vascular endothelial cells through inhibition of Wnt signaling pathways and in this way display an anti-angiogenesis effect [40] [41] [42] . In our study, we found that there was no significant difference neither in the viability of LLC cells nor in the percentage of ALDH+ cells between control and endostatin-cocultured LLC cells in vitro. However, in vivo, the percentage of ALDH+ cells from endostatin-treated mice was significantly greater than that from the control group. This result suggests that endostatin can increase the number of CSLCs by altering the tumor microenvironment.
There is much evidence showing that normal stem cells become located in hypoxic niches 51 . Additionally, at lower O 2 tensions, hypoxia-inducible factor 1α (HIF-1α ) facilitates signal transduction pathways, promotes the self-renewal, and prevents the differentiation of neural stem cells 49 . Moreover, Li Z. et al. reported that the effects of hypoxia are mainly mediated by hypoxia-inducible factors (HIFs), with HIF-2α being of particular importance for the GBM CSLC pool, increasing their self-renewal and tumorigenic capacity 51 . In the present study, treatment with endostatin was found to suppress formation of new vasculature, decrease levels of VEGF and increase HIF1-α expression in tumors, thus aggravating hypoxia in the tumor microenvironment. Furthermore, in a stimulated hypoxia condition, ALDH+ populations in the LLC increased. This observation indicated that endostatin increased CSLC levels by suppressing the formation of new vasculature and by aggravating hypoxia in the tumor.
There is now overwhelming evidence that the behavior of CSLCs is also highly influenced by their microenvironments 49 . In fact, the generation of inflammatory and immunosuppressive microenvironments play an important role in enriching CSLCs and maintain stem cell properties. Studies have shown TAMs 12 , MDSCs 13 and Treg cells 14 to be attracted into hypoxic areas, and these cells use paracrine signaling to produce many cytokines. which can aggravate the formation of inflammatory and immunosuppressive microenvironments. Additionally, TAMs, MDSCs, and Treg cells cross-talk with CSLCs to influence their stem cell properties through such production of cytokines. Irina Daurkin and colleagues reported that TAMs regulate murine breast cancer stem cells through a novel paracrine EGFR/Stat3/Sox-2 signaling pathway 50 . The action of MDSCs leads to an increased abundance of TGF-β in tumors, and induced EMT may be involved in the generation of CSLCs 52, 53 . Gui TX and colleagues discovered that MDSCs enhance the "stemness" of cancer cells by inducing microRNA101 and suppressing the corepressor CtBP2 16 . Several recent reports have demonstrated that Treg cells, under certain circumstances, express IL-17,TGF-β , and VEGF, which together with hypoxia play a critical role in the regulation of cancer-initiating cells 18, [54] [55] [56] . The present study revealed greater percentages of MDSCs, TAMs and Treg cells in tumors from endostatin-treated groups than from the controls. These cells were involved in resistance to endostatin. Take Treg cells for example. Endostatin treatment lead to increased number of Treg cells, which then resulted to higher level of cytokines, like TGF-β . As we discussed above that TGF-β was capable of inducing dedifferentiation of cancer cells into cancer stem-initiating cells through EMT. Moreover, the levels of EGF and IL-6 were increased in the treated groups.
The present study, however, also showed that anti-angiogenesis therapy can increase the numbers of CSLCs via generation of intratumor hypoxia and may involve the above cytokines and growth factors. Experiments have not yet been conducted on the intervention of each factor alone or in combination in mice. Carrying out related experiments would not only reveal the mechanisms by which antiangiogenesis therapy leads to an increase in the levels of CSLCs, but also may provide a new way to improve the clinical efficacy of antiangiogenic treatments.
In conclusion, endostatin treatment causes the levels of CSLCs in tumor microenvironments to increase, and both aggravated intratumoral hypoxia and attracted cytokine-secreting and growth factor-secreting TAMs, MDSCs and Treg cells in the tumor are related to the increased proportion of CSLCs. Our findings therefore imply that improving the clinical efficacy of antiangiogenic treatments will require the concurrent use of CSLC-targeting agents, which have significant clinical implications.
